Ultrasound imaging is a powerful tool in medicine because of the millisecond temporal resolution and sub-millimeter spatial resolution of acoustic imaging. However, the current generation of acoustic contrast agents is primarily limited to vascular targets due to their large size. Nano-size particles have the potential to be used as a contrast agent for ultrasound molecular imaging. Silica-based nanoparticles have shown promise here, however their slow degradation rate may limit their applications as a contrast agent.
as contrast agents for ultrasound imaging. The structure of the PGNs was characterised using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), 31 P nuclear magnetic resonance ( 31 P MAS-NMR), and Fourier transform infrared (FTIR) spectroscopy. The SEM images indicated a spherical shape with a diameter size range of 200-500 nm. The XRD, 31 P NMR and FTIR results revealed the amorphous and glassy nature of PGNs that consisted of mainly Q 1 and Q 2 phosphate units.
We used this contrast to label mesenchymal stem cells and determined in vitro and in vivo detection limits of 5 and 9 µg/mL, respectively. Cell counts down to 4000 could be measured with ultrasound imaging with no cytoxicity at doses needed for imaging.
Importantly, ion release studies confirmed these PGNs biodegrade into aqueous media with degradation products that can be easily metabolized in the body.
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Ultrasound imaging is a real time, low cost, non-ionizing and effective imaging tool, yet remains primarily an anatomic tool versus positron emission tomography (PET) or bioluminescence. While ultrasound contrast agents can increase the signal specificity for molecular imaging by increasing backscattered echoes from the target site, the current generation of microbubbles are too large to be used outside of the vasculature or inside specific cells of interest. [1] [2] [3] [4] Microbubbles were first introduced as a contrast agent in 1968
by injecting agitated saline into the ascending aorta and cardiac chambers during echocardiographic examination. 5 Strong echoes were produced within the heart, due to the acoustic mismatch between free air microbubbles in the saline and the surrounding blood.
However, microbubbles produced by agitation are both large and unstable and diffusing into solution in a short period of time.
To overcome these limitations encapsulated gas bubbles were invented, however these microbubbles are unstable in circulation even with polyethylene glycol surface treatment. [6] [7] [8] Furthermore, microbubbles require a careful choice of ultrasound frequency because microbubbles burst at low frequencies that can result in local microvasculature rupture and hemolysis. 9 While nanobubbles have made important improvements in this area, a complete solution has remained elusive. [10] [11] [12] One alternative is solid nanoparticles that have utility as backscatter contrast agents for ultrasound molecular imaging. [13] [14] [15] These solid particles have been used to image stem cells in cardiac regenerative medicine or to image cell surface proteins in cancer cells. 13, 14 However, the material properties of these agents are critical. They must have acoustic impedance capable of strongly and stably backscattering incident acoustic energy, but also be metabolized and removed safely from the body shortly thereafter. Finally, the particles must be small enough to extravasate from tumor vasculature due to the enhanced permeation and retention effect or be phagocytosed by cells when growing in culture.
While silica-based nanoparticles have shown promise here, [16] [17] [18] phosphate-based glasses are an attractive alternative because they offer a controllable degradation rate by varying their chemical compositions and which give rise to easily metabolized degradation components in the body.
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Previous approaches to preparing ternary phosphate-based glasses in the P 2 O 5 -CaO-Na 2 O system via a sol-gel synthesis method have focused on preparing bulk sol-gel glasses. 22, 23 However, because of the slow reaction of the phosphate precursors, the reaction times were long. In addition, subsequent high drying temperatures made it difficult to prepare bulk glasses suitable for biomedical applications.
Here we report a new simplified sol-gel synthesis method to prepare a ternary P 2 O 5 -CaONa 2 O glass system at low temperature with subsequent electrospraying to obtain nano-spherical glasses. The PGNs were characterized by SEM, EDX, XRD, 31 P MAS-NMR, and FTIR spectroscopy as well as in vitro and in vivo ultrasound imaging. Biodegradation was then monitored via inductively coupled plasma mass spectroscopy (ICP-MS) to measure phosphorus, calcium, and sodium ion release into aqueous media. We then used these tools to labelled mesenchymal stem cells (MSCs) and studied the effect the contrast agents had on cell viability as well as the signal increases generated by the PGNs. To the best of our knowledge, this is the first report of sol-gel synthesis and electrospraying to prepare biodegradable PGNs at low temperature and the first use of such a system for imaging purposes.
RESULTS

SEM and EDX
We successfully synthesized the nanoparticles with electrospraying technique (Fig. 1A) .
The shape and particle size of the particles were identified by SEM images. Figure 1B ,C show nano-spherical particles and measurement of the particle size for more than 100
particles confirmed more than 80% of the particles had a diameter size distribution of 200-500 nm with a mean diameter size of 320 nm. The EDX results were also converted to mol% to allow the comparison to be made with the theoretical composition and reported in Table 1 . The results show a reduction of around 12.5 mol% P 2 O 5 content from the theoretical values, with a concomitant increase in the percentage content of the other oxides to compensate. This reduction can be related to the unreacted phosphorus that is lost during heating stages.
XRD and 31 P MAS-NMR
The XRD pattern of the PGNs was free of any detectable crystalline phase ( Fig. 2A) . Only two broad peaks at 2θ values between 20-50° were observed. This confirmed the amorphous nature of PGNs. Figure 2B shows the solid-state 31 P MAS NMR spectrum from PGNs. Ion release study
The concentration of phosphorus, calcium, and sodium released into solution at different time points are presented in Figure 4 . It can be seen that the highest rate of ion release occurs within the first 4 hours over the entire study period for all the elements. It should be noted that there is a small difference between the obtained data from EDX and ICP that can be related to the dissolution behavior of phosphorus that requires the hydrolysis of P-O-P bonds prior to release, whereas other elements may be released via diffusion.
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Cytotoxicity study
We measured the cell viability with MTS and studied whether reactive oxygen species were generated with DCFDA (Fig. 5 ). MSCs were used for both applications because of the utility of ultrasound in cardiac stem cell therapy. 14 (Fig. 5A) .
We also used the MTS assay to measure any effects on cell viability and used two fractions of PGNs; freshly dissolved PGNs in PBS ( In vitro ultrasound imaging
We tested the ability of the PGNs to backscatter acoustic energy with phantoms. Inclusions contain increasing concentrations of PGNs were added to the agarose support and imaged at 40 MHz (Fig. 6) . In Figure 6A , the echogenicity of a 0 mg/mL water control is seen.
The outline of the well can be seen clearly due to the presence of air bubbles that became trapped on the side of the well (green dashed lines). A much more intense signal is seen when an identical well is loaded with 1 mg/mL PGNs (Fig. 6B) . The mean intensity of this image and at least three replicate images was measured to be 81.5 ± 1.3 a.u. This value and the value determined for the other concentrations of PGNs is plotted in Figure 6C . Using the best fit line (R 2 >0.99) and the background value of 5.3 ± 0.4, we estimated the limit of detection to be 5 µg/mL at three standard deviations above the mean of the background.
To understand how biodegradation affects ultrasound signal we also imaged samples after different periods of dissolution in standard PBS (Fig. 6D) . We found that the signal has a maximum near 10 minutes, but remains elevated at least 4 hours after wetting.
Interestingly, the increase from 2 minutes to 10 minutes was significant (p<0.05) and
suggests that the wetting of the PGNs may induce hydration that increases backscatter.
The frequency of imaging is also an important parameter. Higher frequencies have better resolution, but lower depth of penetration and the echogencity of the material may change as a function of frequency. To understand how the PGNs behave at both clinical and preclinical frequencies, we also imaged at 16 MHz (Fig. 6E) . We measured the signal of a 1 mg/mL sample of nanoparticles as well as the background signal of agar. We then plotted both the signal and signal-to-background (S/B) in Figure 6F . While the signal was 36%
higher at 40 MHz, the signal-to-background at 16 MHz was 4.6-fold higher than 40 MHz because of a lower background signal. These data indicate that the PGNs are suitable for imaging at a variety of both clinical and pre-clinical frequencies.
In vivo and cellular ultrasound imaging
To understand the capability of PGNs for in vivo imaging and biodegradation, we implanted 100 µL boluses of increasing concentrations of PGNs onto the rear flake of nude mice ( Fig. 7A) . These samples were in a 50% matrigel carrier and this vehicle served as the 0 mg/mL or negative control. Each implant was imaged at 40 MHz and the backscatter quantitated for various concentrations in Figure 7C . The calculated limit of detection in vivo is 9 µg/mL of PGNs-a value nearly two-fold higher than in vitro analysis. This is because of the increased background signal in in vivo imaging.
We also studied the capability for in vivo biodegradation. Mice implanted with 2 mg/mL PGNs were imaged after implantation ( Fig. 7A ) and one day later (Fig. 7B) . As expected, the matrigel and saline carriers were largely resorbed into circulation and extracellular matrix. Concurrently, the PGNs implanted began to degrade-we observed a 3.5-fold decrease in signal-to-background after one day (Fig. 7D) .
A final study labelled MSCs with the PGNs. We first optimized the labelling protocol using the cell fluorescence to monitor labelling. There was a linear relationship (R 2 =0.98) between the starting concentration and the resulting cell fluorescence from 30 to 1000 µg/mL of PGNs at 2 hours of incubation. When the incubation time was optimized from 1 to 360 minutes at 500 µg/mL, a marked plateau effect was noted after 1 hour of incubation.
Further incubation with cells did not significantly increase cell signal (p>0.05). Even 30 minutes of incubation gave cells signal that was 70% of maximum. We used these conditions to label MSCs and then imaged them with ultrasound ( Fig. 8C ) and fluorescence microscopy (Fig. 8D) .
We next used microscopy to understand the interaction of the PGNs with the MSC.
Epifluorescence microscopy indicated low non-specific binding of PGNs to the culture flaks. Indeed, <5% of the fluorescent pixels do not correspond to a cell in Fig. 8E with many regions of increased signal throughout the MSC.
We also used confocal microscopy to study the distribution of the PGNs. Our goal was to determine whether the nanoparticles were on the cells or inside the cells. This is important because nanoparticles that were only on the surface could become detached after implant and incorrectly be considered a cell. The confocal data in Figure 8K shows that the nanoparticles are indeed located throughout the cell in the cytoplasm and are not simply on the cell surface.
Finally, we placed different numbers of cells in a 100 µL inclusion in an agar phantom and imaged at 40 MHz. We used this cell volume because it is similar to the injection volume used in trials of non-human primates and would likely be used in man. We noted a a linear relationship between the number of cells and the ultrasound backscatter (R2>0.99; Fig.   8C ), which is important for studies in which unknown numbers of cells may need to be quantitated. The calculated limit of detection for ultrasound imaging was 4000 MSCs at three standard deviations above the mean of the background.
DISCUSSION
In the present study, we take advantage of the sol-gel preparation method to synthesise controlled degradation materials and the subsequent utility of electrospraying to prepare ternary phosphate-based sol-gel derived glass nanospheres in the diameter size range of 200-500 nm. One limitation of this approach is throughput versus "bottom-up" nanoparticles synthetic approaches, however we were able to produce 60 mg of nanoparticles per hour which is sufficient for imaging experiments. Previous approaches to preparing these glasses have been focused on preparing bulk sol-gel glasses. However, the slow sol-gel reaction and difficulty to make bulk glasses have limited their biomedical applications. In our work, faster reactive precursors and lower heat-treatment temperature were applied that allowed us to process these sol-gel derived glasses via electrospraying and also incorporate fluorescein dye whilst processing (due to the relatively benign processing temperatures).
The amorphous nature of these PGNs was confirmed by XRD analysis. The 31 P NMR and FTIR results also show the structure of these PGNs consists of mainly Q 1 and Q 2 phosphate units. These findings confirm the amorphous and glassy structure of the PGNs that are more desirable as a biodegradable material because they do not fragment during the degradation, which may cause inflammation. 32 The PGNs have strong ultrasound backscattering capabilities both in vivo and in vitro.
Phantom experiments indicated a limit of detection of 5 µg/mL with linear behaviour below 1000 µg/mL (Fig. 6A) . The imaging window of this material is below 4 hours. The ICP data show the highest rate of dissolution within the first 12 hours of immersion in distilled water (Fig. 4) , and our time course study shows that by 4 hours the signal has decreased more than 2-fold with even further decreases the next day (Fig. 6D) . This is particularly important because it bridges a gap between the minutes of stability of microbubbles and the months of stability of Stober silica particles. 33, 34 One potential concern is that the high local ionic concentrations could perturb cellular function. For 0.1 mg/mL of PGNs, over the 48 hours of dissolution study and assuming no diffusion, cells would be exposed to 41 ppm (PO 4 ) 3-, 32 ppm Ca 2+ , and 16 ppm Na + (Fig.   4) . These values are well within the standard physiological range of serum chemistries 35 .
For example, the reference range of Ca 2+ is 8.5-10 mg/dL or 85 -100 ppm. The additional calcium due to the contrast agents is within the reference range and will not perturb cell metabolism. Furthermore, diffusion and normal circulation will equilibrate any locally disturbed ionic concentrations.
To further confirm this, we performed a series of cell toxicity assays. While we did find that very high doses (1000 µg/mL) increased ROS (hydroxyl, peroxyl, etc.) activity within the cell, this is much higher than the concentrations needed for imaging: 250 µg/mL for MSC imaging and >9 µg/mL for subcutaneous imaging (Fig. 5A) . All materials-even water-are toxic at some concentration, our goal here was to discover what concentration began to dysregulates metabolism and work below that concentration. After PGNs implantation into animals, we noticed no changes in posture, behaviour, gait, or feeding with observation up to two weeks.
We also used the MTS assay to study cell metabolism and viability via mitochondrial reductase activity (Fig. 5) . MTS is a colorimetric, water-soluble tetrazolium dye that indicates the activity of oxidoreductase enzymes. One concern was that the degradation products may increase the sodium, calcium, and phosphorus concentration to levels inconsistent with cell survival. Thus, it was important for us to study both fresh and degraded PGNs in this assay. Fortunately, we noticed no cytotoxicity in either sample group at concentrations below 500 µg/mL (Fig. 5) .
Although we did not investigate tumor imaging here, the PGNs implantation experiments (Fig. 7) indicated that concentrations down to 9 µg/mL could be imaged in vivo. This is important because nanoparticle contrast agents must overcome significant competition from the reticuloendothelial system to reach target tissue. Values near 4%ID/g are common for nanoparticle contrast agents. Thus, a 1 g tumor would need at least 225 µg of material injected into the 2.5 mL murine blood pool to achieve 4%ID/g accumulation.
Importantly, this concentration is well below the concentration that increased ROS generation.
Our primary goal was cell imaging, which is critical to understand the location of implanted stem cells in regenerative medicine. We achieved cell counting below 5000 cells in 100 µL volumes (Fig. 8) . While we do not achieve the single cell counts possible with some MRI techniques, 36 the cell counts described here are more than sufficient for clinical trials that will likely use millions of cells, 37 38, 39 These low detection limits would be useful because it would allow one to not label all cells in a given population. The 4 hour imaging window would be useful for imaging the immediate implantation event in cells.
Long term imaging could utilize a reporter gene. 40 The detection limits reported here are higher than that achieved with perfluorocarbon microbubbles. Indeed, these can be detected even at the single microbubble level. 41 The
PGNs will definitely not be detectable at the single particle level, but did have detection levels down to 50 µg/mL, which is on par with the 20 µg/mL detection limits we have reported previously with silica nanoparticles. 14 These materials also have lower overall signal intensity than perfluorocarbon microbubbles. However, perfluorocarbon microbubbles are approximately the same size as cells and using them for ultrasound cell imaging is difficult. Importantly, the PGNs are approximately 10-fold smaller in diameter (and 1000-fold smaller in volume) and thus have a significant advantage for ultrasound cell imaging. Also, the time stability of the PGNs (~4 hours), is much longer than the minutes of in vivo stability for perfluorocarbon microbubbles.
CONCLUSION
In this study, for the first time, according to the authors knowledge, ternary phosphatebased sol-gel glass nanospheres in the diameter size range of 200-500 nm has been successfully prepared. The amorphous and glassy nature of these PGNs was confirmed via XRD, 31 P NMR, and FTIR analysis. This probe is useful for both in vivo and in vitro ultrasound imaging and has utility for cell tracking applications in regenerative medicine.
Future work may utilize these contrast agents for tasks beyond regenerative medicine including targeted tumor imaging after i.v injection and tumor imaging.
MATERIALS AND METHODS
Synthesis of the sol for subsequent electrospraying
The proportions from the scanned area.
XRD and 31 P MAS-NMR
The XRD on PGNs was obtained on a Bruker-D8 Advance Diffractometer (Brüker, UK) in a flat plate geometry using Ni filtered Cu Kα radiation. Data were collected using a Lynx
Eye detector with a step size of 0.02˚ over an angular range of 2Ɵ=10-100˚ and a count time of 12 sec.
The solid state 31 P MAS-NMR spectrum was recorded at 161.87 MHz using a Varian VNMRS-400 spectrometer. The sample was loaded into a 4 mm (rotor o.d.) magic angle spinning probe and the spectrum was obtained using direct excitation (with a 90° pulse) with a 60 sec recycle delay at ambient probe temperature (~25 °C) at a sample spin rate of 10 kHz and between 20 and 88 repetitions were accumulated. The deconvolution of the spectrum was carried out using DMFit software and was referenced to the resonance of the ammonium dihydrogen phosphate (NH 4 H 2 PO 4 ) at 0.9 ppm (relative to 85% H 3 PO 4 solution at 0 ppm). 42 
FTIR
The FTIR spectrum of PGNs was collected using a Perkin Elmer spectrometer 2000 (USA). The sample was scanned at room temperature in the absorbance mode in the range 1500-600 cm -1 and the data were analysed by Perkin Elmer software.
Tissue Culture, Labelling, and Cytotoxicity
Mesenchymal stem cells (MSCs) and culture media were purchased from Lonza (p/n 2501 and 3001, respectively). Cells were seeded at 5000 cells/cm 2 , and the media was changed For the cell counting experiments, we used the optimized protocol of 2 hours and 250 µg/mL. After labeling, the cells were washed three times with saline. We monitored the washes with absorbance spectroscopy to confirm that the third wash containined no more nanoparticles. The cells were then removed from the flask with TrypLE Express (Invitrogen), washed with complete media to deactivate the trypsin, centrifuged at 300g at These data indicate that ultrasound signal decreases as the nanoparticle degrades because of decreased acoustic impedance. The imaging window is within the first four hours of dissolution. Panel E is an ultrasound image in the z-axis for 1 mg/mL PGNs at 16 MHz, and F is signal and signal-to-background for both 16 and 40 MHz.
Here, signal was defined as echogenicity of the sample and background was adjacent agar. While the signal was higher at 40 MHz, the signal-to-background at 16 MHz was 4.6-fold higher than 40 MHz because of a lower background signal. These data indicate that the PGNs are suitable for imaging at both clinical and pre-clinical frequencies. 
